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SUMMARY
This report answers two questions: What is the statistical relationship between vehicle density in the streets of Greater Cairo and ambient air pollution in the city? And what are the effects of-one, the opening in recent years of another metro line and an extension to it, and two, the recent increases in fuel prices-on vehicle density and ambient air pollution?
A novel dataset created for this report identified vehicles running in the streets of Cairo using trained Machine Learning algorithms based on high-resolution satellite imagery. Nearly every vehicle running in the streets of Cairo was detected and counted on nearly 1,000 days during the period 2010 to 2018. The resulting vehicle data was then used in relation to observations from ground monitors monitoring PM 10 (particles the size of 10 µm or less in aerodynamic diameter). A statistical model was developed, relating the counted cars to the monitored concentrations of air pollution. The relationship between car density and ambient air pollution was found to be linear, and it was found that reducing the number of cars by 1% led to a corresponding PM 10 reduction of 0.27%. Impact evaluation methods were then applied to estimate the effect that policy events (notably the opening of another metro line and the slashing of fuel subsidies) had on air pollution in Egypt. Using fixed-effects panel regression methods, it was found that the fuel subsidy removal programs helped to reduce PM 10 concentrations by nearly 4%. It was also found that the opening of Cairo's Metro Line 3 resulted in the reduction of air pollution by about 3%. Using established concentration-response relationships from epidemiology literature, it was estimated that these two enacted policies must have helped in the avoidance of a significant incidence of mortality and morbidity.
CHAPTER ONE

AIR POLLUTION AND TRAFFIC IN GREATER CAIRO
Air pollution in the Greater Cairo area is a serious environmental issue in Egypt. Although particulate matter (PM) air pollution has improved significantly in Cairo over the last decade (see Figure 1 ), air pollution levels remain high throughout the year, and levels of PM exceed World Health Organization (WHO) standards as well as Egypt's legal limits. According to the Ministry of State for Environmental Affairs, the transport sector accounts for about 26% of the PM 10 load in Greater Cairo, as well as 90% of carbon monoxide (CO) and 50% of nitrogen oxides (NOx). The contribution of motor vehicles to PM 2.5 counts (or counts of fine particles the size of 2.5 µm or less, which are small enough to be an even greater risk to health) are major as well, as seen in Figure 2 . The problem is aggravated by poor fuel quality, the average age of cars (two-thirds were older than 15 years in 2010), and the frequent absence of pollution abatement technology.
In principle, environmental problems due to traffic can be addressed via three channels: economic incentives, through for example imposing taxes or lifting subsidies; restrictions on car use; or investment in public transit. In practice, environmental policy in Egypt includes all three of these options. For instance, publicly-mandated fuel price increases (due to the government's lifting of fuel subsidies) have taken place in 2016, 2017, and 2018. Egypt has also recently put into place regulations on the forced retirement of old vehicles via applying age restrictions on transport and passenger cars. 1 But the most significant measure regarding public transit in Cairo has been the opening of a third metro line. For a review of environmental policies in Egypt in the last years, refer to Abou-Ali and Thomas (2011) .
This study seeks to inform the wider environmental and transport policy dialogue with an impact analysis for recent economic measures and public transit initiatives. We focus particularly on two publicly-mandated fuel price increases and the two-phased opening of Cairo's Metro Line 3. Our main contributions are threefold: First, we employ high-resolution satellite imagery to produce a spatial panel database of daily vehicle counts in Greater Cairo using trained machine-learning algorithms. Second, we look not only at short-term effects but assess environmental policy effects in the medium to long term. And third, this is one of the first studies anywhere in the world to use panel regression quasi-experimental methods to evaluate the effect of major public transportation policies on traffic and air pollution in the Arab world, and the first to do so in Egypt. Our analysis is carried out in two econometric exercises: First, we estimate the extent to which recent policy measures have reduced car use in the Greater Cairo area and examine the temporal adjustment pattern of traffic. After that, we estimate the elasticity of cars and PM 10 pollution to evaluate policy effectiveness in terms of air pollution reduction.
The remainder of the study is organized as follows: Chapter 2 reviews recent international research on public transit and fuel price impacts on car use and air pollution. Chapter 3 describes our empirical approach, and Chapter 4 introduces the data. In Chapter 5, we present estimates of the effects of various policies on car use in the Greater Cairo region and the impact of car use on PM 10 pollution there. Chapter 6 provides a framework through which to analyze the overall impact of the policies in a counterfactual study. We summarize and conclude the paper in Chapter 7.
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CHAPTER TWO
RECENT RESEARCH ON ENVIRONMENTAL POLICIES
. 1 PUBLIC TRANSPORT AND ENVIRONMENTAL MEASURES
Public transit has often been proposed as a measure to counter air pollution and traffic congestion. The basic idea can be traced back to Crowther et al. (1963) in its literature. The underlying rationale is intuitive: More options for public transit will lead more people to use this mode of transport and decrease the share of private options (such as cars or motorbikes). This will in turn decrease average traffic congestion and reduce emissions of air pollutants.
The empirical literature confirms that public transit has significantly affected the numerous variables of interest to researchers and policy makers. Yang et al. (2018) estimate that subway expansions in Beijing reduced traffic delay times by 15% for a prolonged period. One widely-used modeling approach employs strikes of public transport employees to estimate the impact of public transport systems. Using this approach, Anderson (2014) finds that a strike day in Los Angeles may increase traffic delay times by an astonishing 47%. In a study for several U.S. cities, Pang (2018) also finds significant effects on traffic flow in the areas surrounding metro stations. Similarly, Adler and van Ommeren (2016) find increases in traffic congestion on strike days in Rotterdam.
Other studies focus on the air pollution/public transport nexus. Basagaña et al. (2018) find significantly elevated pollution levels on days with public transportation strikes in Barcelona. Chen and Whalley (2012) find significant reduction effects on air pollution after the metro opening in Taipei. Using not only within-city variation but a global dataset of subway openings in combination with satellite-derived pollution data, Gendron-Carrier et al. (2018) find strong and significant effects of metro openings on air pollution in all parts of the world. Overall, they find a reduction of approximately 4% in pollutant measurements in the first months after metro openings. Similar results are found in national studies for Germany (Lalive et al., 2017) , China (Zheng et al., 2017) , India (Goel and Gupta, 2014) and Canada (Rivers and Plumptre, 2016; Rivers et al., 2017) .
Similar studies are relatively rare for countries in the Middle East and North Africa region.
Since the region struggles with numerous environmental pollution issues, this knowledge gap has potentially serious consequences for public welfare. In Egypt, for example, air pollution is considered one of the five greatest risk factors for disease and premature death (Wang et al., 2012) . An exception to the problem is provided by Tabatabaiee and Rahman (2011) , who explore the effect of urban rail transit on energy consumption and air pollution in Ahvaz, a city of 1.3 million in Iran. Abou-Ali and Thomas (2011) as well as Thomas (2016) review environmental policies in Greater Cairo and provide policy recommendations. They analyze demand for various modes of transport at household levels and conduct a rough analysis to assess the effect of various policies on pollution in Cairo. Abou-Ali and Thomas (2011) find that PM 10 levels have been reduced by around 3% following the implementation of a set of various policies.
.RESPONSES TO FUEL PRICE SHOCKS
Changes in fuel prices can have a variety of effects on human behavior. These behavioral adjustments are multidimensional (short-term/long-term, local/national, and so on). For instance, the short-term effects of fuel price increases include trip-chaining (combining otherwise separately driven routes) or reorganizing regular trips (for example, a single long shopping trip instead of three short ones). Moreover, preferences with respect to the choice of destination might change, and closer destinations might gain more weight in the decision process (Pendyala, 2010) .
In the medium term, people realize that the cost of driving relative to other modes of transport (for instance public transit) increases, which can result in a change in the composition of the vehicle fleet (cars become less frequent and/or more fuel efficient). Long-term effects include the expansion of railway systems, inter alia. According to CBO (2008) , all of the mentioned factors may have observable impacts on driving behavior and urban traffic patterns.
So far, the only available study on traffic in the Greater Cairo metropolitan area is the Cairo traffic congestion study (World Bank, 2010) . This study, however, relies on data that has been collected through a traffic count survey, that is, by manually counting cars at 15 locations in Cairo for three days in the morning and in the afternoon.
On the other hand, most empirical academic studies rely on indirect measurements of individual transport responses to fuel price changes. Common approaches include using car ownership or car travel data compiled from surveys to estimate car ownership elasticities (Dargay and Vythoulkas (1999) , Fridstrøm (1998) ). This literature shows that car ownership declines with increasing car running costs, including fuel costs. Others estimate the fuel price elasticity of demand using fuel consumption data. Graham and Glaister (2002) estimate long-run price elasticities of car running costs between -0.6 and -1.2 for various European countries. Studies that directly employ vehicle-level data are comparatively rare. One example is Gillingham (2014) , who analyzes a vehicle-level dataset in California, constructing a database of over 2 million vehicles from official registers and using the number of vehicle miles traveled between the date-of-purchase and a mandatory smog check as a dependent variable. The medium-term estimate of the elasticity of vehicle miles traveled and fuel prices is -0.22 for new vehicles. For a thorough review of the empirical literature on the relationship between fuel consumption and traffic, refer to Goodwin et al. (2004) . 
EMPIRICAL APPROACH
Our investigation focuses on two econometric exercises. First, we assess the effects of the Cairo metro's expansion and of the fuel price hikes (as a reaction to the cutting of fuel price subsidies) on Cairo traffic using fixed-effects panel regressions. Our event-based study design evaluates the sharp discontinuity imposed on the outcome variable (car density) on account of the policy interventions evaluated. In addition, we use a similarly specified model using temporal subsets of the data to examine the temporal adjustment process of Cairo traffic following policy shocks.
Our second econometric exercise uses a sample of PM 10 measures recorded from eight Cairo monitoring stations during 2016 and 2017. Our fixed-effects panel model relates measured PM 10 concentrations to car counts in the areas surrounding the stations.
The statistical approach of our first study is a classical discontinuity-based panel regression of the form
where i denotes a raster tile and t denotes the day of the observation. vehicles i,t is the number of cars in a raster tile i on a given day t. x contains a variety of standard control variables discussed below. γ i are tile fixed effects. z q is a set of dummy variables that take the value of 1 for a given time period after the date a specific event q occurs. For the policy interventions, the value of the variable is 0 from the sample start to the day before the intervention and 1 thereafter. Therefore, the coefficients of main interest are δ q , which are the estimates of the effects that the events in set q had on the outcome variable of interest (car density). Using this setup, we are able to check for a structural break (that is, a level shift) in the time series after the events examined in our study occurred. For comparable approaches in similar settings, see Chen and Whalley (2012) or Gendron-Carrier et al. (2018) .
In an additional specification, we explore the adjustment dynamics of traffic adaption in Cairo following the opening of the new metro stations. A two-step estimation procedure is employed. At first, we residualized the car count data and the respective policy event variable using the control variable set discussed below, as well as the policy variables not under examination. Regressing the residualized car counts on the residualized policy variable will yield the same estimate as in the full model specification. This is widely known as the Frisch Waugh Lovell theorem (for example, Lovell 2008) . We are interested in the adjustment dynamics of traffic in Cairo, however, and not in reproducing estimates of the model discussed above. Therefore, we restricted our analysis to temporal subsets of the data set. The subsets were chosen based on various short-term time windows, for instance +/-3 months around the metro openings. More formally, we estimate
where x * it and x * t are the sets of control variables excluding the policy dummy under analysis. Metro t is a dummy variable that takes the value of 0 before the metro opening and the value of 1 from the day the metro opened onward. Note that this model is estimated separately for metro phase 1 and phase 2. The first two equations are estimated using the full dataset, and the third equation is estimated using a temporal subset of the data. The coefficient of interest is z, which gives us the marginal effect of the respective metro opening on car counts in Cairo.
Our second econometric exercise uses a sample of PM 10 measures recorded from eight Cairo stations during 2016 and 2017. Our model relates measured PM 10 concentrations to mean car counts in the grid cells surrounding the monitoring station locations. In formal terms, we estimate
where PM 10i,t denotes the PM 10 measurement of station i on day t, and vehicles i,t is the mean car count for the tiles surrounding station i on day t. Again, x i,t is a set of control variables as discussed below. γ i are station fixed effects and ϵ i,t is a standard i.i.d. error term. The vehicle count variable enters the model in different specifications. We experiment with logarithmic and nonlinear models of the relationship between car counts and PM 10 concentrations, using both continuous nonlinear forms and linear and nonlinear spline models. We find that none of the alternative models performs as well as the pure linear model.
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CHAPTER FOUR
DATA
The three most important variables in our analysis are: (i) car density, which we derive from high-resolution satellite images using trained machine learning algorithms; (ii) particulate matter ambient air pollution concentrations, which we have sourced from the Egyptian Environmental Protection Agency; and, (iii) information on the policy shocks we evaluated, which we extracted from public documents.
. 1 VEHICLE COUNTS
The authors partnered with a remote sensing company, 2 which applied a trained Machine Learning algorithm to satellite imagery of Cairo, counting every car in the metropolis's streets for each available day 3 from January 2010 to April 2018 using a grid. For an illustration of the algorithm identifying vehicles (car detection is depicted with a green spot, and bus/truck detection is depicted with a purple dot), see Figure 3 . An example for mapping car density during an average weekday is illustrated in Figure 4 .
Available daily images for the Cairo region vary by size and centroid, so coverage differs greatly across grid cells. Some cells in central Cairo are covered by images for most days in the study period, while some cells at the metropolitan periphery have sparse coverage. To avoid problems due to cell coverage, we construct the largest possible balanced panel for estimation adopting the following procedure:
First, we rank grid cells by their image coverage counts. We begin with the top-ranked grid cell (C1). We construct a balanced panel with the second-ranking cell (C2), which entails some loss of observations from C1. If the gain exceeds the loss, we add the third-ranked cell (C3), construct the balanced panel for the three cells, and verify that the overall gain in observations exceeds the loss from adding C3. We continue this process until the loss exceeds the gain for the marginal grid cell. Construction of the largest possible balanced panel has resulted in 510 cells available for estimation, with 397 time-series observations per cell. The available satellite observations provide data for all twelve months, all days of the week, and hours from 10:00 am to 2:00 pm daily (which is the period during which the satellites orbit over Greater Cairo). For a sample schematic of how cars were counted in downtown Cairo using the ML algorithm, refer to Figure 3 . For more details, refer to the Technical Appendix.
The dataset employed in this article gives us the novel opportunity to directly infer the effects of various policies on traffic in Cairo without the need to rely on indirect measurements of driving behavior. The daily satellite images used in the dataset construction cover virtually the entire Greater Cairo area. Repeated observations over a period of ten years of the georeferenced car detections make analysis with time series methods possible and enable the inference of medium-term effects on traffic characteristics and individual behavior.
FIGURE 3: SCHEMATIC OF MACHINE LEARNING ALGORITHM DETECTING CARS IN THE STREETS OF CAIRO ON A STRETCH OF A HIGHWAY AND AT A NEIGHBORHOOD SCALE
Analyzing this comprehensive car data allows us to understand traffic patterns in the city and assess responses to policy shocks as well as linkages to air pollution. To our knowledge, this is the first satellite-derived car count dataset employed for environmental impact analysis.
.2 GROUND MONITORING AIR QUALITY MEASUREMENT
Air pollution data are collected using eight ground-monitoring stations in Cairo (see Figure 5) . The stations log PM 10 concentrations, along with other ambient air pollutants. The data itself has been provided by the Egyptian Environmental Affairs Agency and covers the years 2016 and 2017. This implies we cannot use the PM 10 dataset for policy evaluation as the time series is not long enough.
.3 INFORMATION ABOUT THE POLICY SHOCKS
We focus on four policy interventions: the phase-one opening of Cairo Metro Line 3 in February 2012; the phase-two opening of Line 3 in July 2014; a fuel price increase in November 2016, coupled with a simultaneous devaluation; and a fuel price increase in June 2017. The most recent years witnessed periods of significant economic volatility in Egypt, with relative stagnation in real income during the first years and more rapid growth subsequently. Significant interim events included a large devaluation in November 2016, and large, targeted fuel price increases in November 2016, and June 2017. These fuel price increases of 2016 and 2017 were quite large, varying between 30% and 80% by fuel category and period.
A priori (based on the preceding), we would expect all of these events to have affected traffic volume significantly. Longer term fluctuations in real GDP should also have affected traffic via fuel purchases, new car purchases, maintenance intensity, and the retirement of older, fuel-inefficient cars. A priori, we expect these effects to produce positive, significant effects for real GDP.
FIGURE 4: CAR DENSITY IN THE STREETS OF CAIRO DURING AN AVERAGE WEEKDAY
Another policy intervention that may have been particularly significant for congestion and air pollution is Cairo's Metro Line 3 opening during the sample period, with the phase-one opening of five stations in February 2012, and phase-two opening of an extension with four additional stations in May 2014 ( Figure 6 ). By offering a rapid alternative to driving in this corridor, both openings may well have reduced traffic volume.
Given the nature of the event-based regression discontinuity approach, we only need information on the exact timing of the policy changes. This information is relatively easy to find employing online news portals such as Reuters or Al Jazeera. The exact dates we use are: There was a third round of subsidy removal in 2018, which we were not able to evaluate as our dataset ends before then.
.CONTROL VARIABLES
It is more than likely that traffic in Cairo is influenced by temporal regularities. For instance, we would expect more traffic during work days than on weekends. We also would expect different traffic patterns in summer and winter. In addition, car counts should vary considerably during the day. To control for these temporal patterns, we include a variety of time dummies in our regressions that control for hour, weekday, and month.
It is also possible that technical factors, such as different lenses or camera technologies of the sensors, lead to systematic differences in cars counted using imagery from different satellites. Thus, we include dummy variables for each of the four sensors used for this exercise.
To control for different cloud coverage on different days, we use the percentage of cloud coverage for each tile as a control. This variable has been computed directly from the raw satellite image.
We also include meteorological variables for our assessments of air pollution via the PM 10 data collected by the Cairo measurement stations. For this exercise, we use data collected by a weather station located at the airport in Cairo. The station logs daily averages of temperature, relative humidity, and barometric pressure, as well as other meteorological variables (such as wind speed and wind direction), all of which may have a significant influence on pollution measures. We have collected the data via the Application Program Interface (API) of Weather Underground, a commercial weather service that compiles data both from official government sources and from private weather stations.
FIGURE 6: CAIRO METRO LINES
We control for aggregate income, which affects overall car counts via purchase, and scrap rates for the vehicle fleet. It also affects vehicle maintenance and operating rates, which are significant determinants of polluting emissions. The best available measure is the quarterly real GDP estimate provided by the Central Bank of Egypt. We perform quarterly smoothing, using a standard, seasonal dummy variable adjustment, and we interpolate between quarters to obtain monthly estimates. We adjust the model for a potentially important confounder-currency devaluation. At around the same time that the fuel subsidies were lifted, the Egyptian pound depreciated substantially, which may also have had an impact on the amount of demand for transportation. We posit that such a devaluation effect will register through changes in real GDP.
CHAPTER FIVE
RESULTS
This chapter presents the results of the policy impact on car density first (Section 5.1), followed by the relationship between car density and air pollution (Section 5.2). We find both evaluated policies significantly reduced car counts in Cairo. Furthermore, by extension of the estimated relationship between cars and PM 10 levels in the Greater Cairo area, we conclude that the implemented policies also decreased air pollution levels in the city. A thorough impact analysis is carried out via counterfactual analysis. Table 1 displays the complete results of the balanced panel estimation, with standard errors adjusted for clusters identified by grid cells. We include several variables to control for time patterns and trends. We include monthly dummies, with the exception of December, our reference month. The results show pronounced seasonal variation, with the highest car counts in June. Vehicle counts decline steadily from that seasonal high, reaching annual lows from November to January, and increasing again from February to May. The results of day-ofthe-week dummies show that traffic volumes increase somewhat from Sunday to Tuesday, remain roughly constant through Thursday, decline sharply on Friday (as expected), and recover somewhat on Saturday. The dummy variable for 10:00 am has been excluded from the hourly estimates. The results indicate that peak traffic volume (during the five hours of measurement) typically occurs around noon. The volume at 10:00 am is significantly lower than the others. It increases to noon, and then decreases somewhat in the early afternoon.
. 1 THE IMPACT OF RECENT POLICY MEASURES ON TRAFFIC DENSITY IN CAIRO
We also include satellite technology factors. Among the five satellite platforms, we have excluded the dummy variable for "WorldView01." Ceteris paribus (other things being equal), the three other platforms yield significantly higher counts, with the increment for "WorldView03" the largest by far. As expected, cloud cover percentage has a very large, highly significant effect on car counts.
After controlling for a host of temporal and technical factors, we are able to focus on the effects attributable to income and policy interventions. All estimated coefficients have the expected signs, and all are highly significant. Real GDP has a positive, highly-significant effect on traffic volume. Gaining 1 billion Egyptian pounds leads to an increase of about 1 car per tile. In 2017, quarterly GDP was 281 billion EGP. A 1% increase of GDP would On account of the metro openings, car counts decreased by 40 cars per tile. Reducing fuel subsidies resulted in 44 fewer cars per tile. This means that the policy actions succeeded in more than compensating for the congestion and air pollution due to GDP growth. For every 2 cars in the streets as a result of a growing economy, 3 cars have been taken off the streets by the policies.
A few additional notes are warranted with respect to possible threats to identification:
First, the fuel price increase of November 3, 2016, coincided with a major devaluation, so the estimated impact may incorporate some devaluation effects. To address this, we note again that a major part of the devaluation impact should be captured by real GDP in the model specification.
Second, we may well be underestimating the effects of the fuel price shocks. On the one hand, the Machine Learning algorithm counts parked as well as driving cars. Thus, even if people stop driving and park their cars at the side of the street, we do not capture that effect as the cars are still counted. Third, it is possible that the effects of the metro opening are biased upwards. We do not take into account that traffic congestion in the period before the metro opening might be elevated due to the metro construction. As a result, the metro policy coefficients might capture both the effects of removing the construction sites and the metro opening. However, as it is common procedure to have test runs of metro systems done for several months after the construction but before the public opening, we assume that this bias is of minor relevance.
Remaining threats to identification are other events that took place during the analyzed time period. However, to our knowledge, no major events that might affect traffic in Cairo have been neglected. For instance, Metro Line 3 opened one year after protests against Egypt's former president, Husni Mubarak, were over, and one year before protests against his successor, Mohamed Morsi, flared up. Similarly, the Metro Line 3 extension opened more than a year after counterprotests against Morsi. To conclude, we are confident that our estimated impacts are thoroughly identified.
To summarize, our results provide very strong evidence that both fuel price increases and metro line openings have had significant impacts on traffic volume in Cairo. We should emphasize that these are persistent-effect estimates, which apply to the entire period from the policy events we study to the termination of our sample in September, 2017. 8
TEMPORAL CONTEXT AND "FUNDAMENTAL LAW OF TRAFFIC CONGESTION"
The findings in Section 5.1 suggest that the policies implemented in Cairo do have significant effects on traffic in the long run. This contradicts what the so called "fundamental law of road congestion" (Duranton and Turner, 2011) would imply. The "fundamental law" states that new road capacity will be met with a proportional increase in driving. In other words, other cars will take the place of cars removed by the impact of mass transit. Introducing public transit is supposed to remove a significant number of cars from the streets. The fundamental law implies that, as the relative cost of driving increases, we should observe fewer cars on the roads as people switch to public transit. However, these effects should vanish in the longer run. This seems not to be the case in the Greater Cairo area for the time period that we analyze, according to the results in Section 5.1 that suggest significant long-term effects.
In line with the dynamics of the "fundamental law" we suppose there are significant, and strong, short-term effects that then decrease over time. This is that the analyzed metro openings should have large negative effects. When analyzing longer time windows, the effect size decreases as new cars take the place of the drivers that switched from private to public transport options. This would imply that the general idea of the "fundamental law" is valid, but the net effect of introducing public transit might not be zero in all metropolitan areas.
To test this hypothesis, we use the procedure introduced in Section 3. To gain insight regarding the short-term effects of the metro policies, we look at subsets of the residualized dataset that fall within various time windows around the metro opening dates. In particular, we start with a time window of +/-2 months, 9 end at full dataset length, and analyze every time window in-between in steps of one month. This leaves us with over 90 separate models that allow us to compare the effect sizes when varying the time windows around the opening dates of metro phase 1 and phase 2.
To summarize the results of the regression discontinuity models for all time windows, we provide the results of all estimations in Figure 7 . The y-axis gives the estimated coefficient of the respective metro opening dummy, while the x-axis gives the analyzed time window in months. Every dot corresponds to the estimated coefficient of the metro opening dummy in one specific model. In addition, a 95% confidence interval of the effect size of the metro opening is provided for all estimated effects. The red line indicates the zero line. The blue line marks the estimated long run effect of the full model discussed in Section 5.1.
For both metro phases, the observed patterns suggest that the openings had strong negative effects in the very short term, which are then decreasing when using data from longer time periods. By construction, they converge to the long-term effects presented in Section 5.1. This seems to confirm our hypothesis that the time dynamics of the fundamental law hold.
Further research into possible reasons why Cairo shows a different behavior than the U.S. cities analyzed by Duranton and Turner (2011) will be necessary.
In this section, we test the relationship between car densities and measured PM 10 concentrations in Greater Cairo, while incorporating weather-related variables and dummy variables to incorporate technical, spatial, and temporal factors that we cannot observe directly. 10 We have tried and discarded nonlinear specifications and quadratic and cubic spline specifications because they yield perverse results in this case. 11 10 The modeled relationship is inherently linear, because it specifies atmospheric PM 10 concentration in a fixed area as a function of cars operated within that area. The representative car emits a given quantity of particulates, and total vehicular particulate emissions are additive. Since particulate concentration is total particulate emissions divided by volume determined by a fixed area, the relationship between particulate concentration and car count is linear. Numerous real-world caveats apply, of course: Given a car count, total emissions also vary with car fleet composition within an area; combustion time per car, itself a function of car crowding in fixed road infrastructure; and weather factors not accounted for by monthly controls. Variations in local car fleet composition and weather are arguably random and seem unlikely to bias the estimated marginal relationship between car count and PM 10 concentration. The potential role of combustion time is more complex. On one hand, variations in local road capacity will produce variations in congestion (and therefore combustion time) for identical car counts. On the other hand, the slope of the underlying relationship between car count and combustion time for a given road capacity must increase as cars progressively crowd into the streets. In the limit, traffic crawls toward gridlock and the marginal relationship between the slope and car count approaches infinity. If these relationships could be quantified by area, the appropriate righthand variable would be total combustion time. Vehicle count is our proxy, and our results therefore reflect "overall average traffic conditions" in the sample area. The dependent variable for each observation is the PM 10 concentration reported by a monitor. The critical independent variable is the car density in the grid cells surrounding the monitor. Specifying the area radius involves balancing two factors. Vehicle density impacts on pollution presumably decline with distance from the monitor. On the other hand, mean density estimates are likely to be more stable and robust for larger areas.
The car count within each grid cell is specified at the cell centroid. With full area coverage by satellites, we would set an appropriate radius for the area bounding a PM 10 monitor and simply count cars within that radius. This translates to vehicle density, given an invariant radius. However, satellite coverage of tiles varies by date in the database in the unbalanced panel. To compensate for variable coverage, we compute the mean for cells that are actually covered within the bounding area. Since cell sizes are identical, this also translates to vehicle density.
Variable coverage also has implications for the appropriate bounding radius. Ideally, the radius would be determined by prior scientific research on the relationship between distance-from-monitor and emissions impact on monitor readings. In practice, many location-specific variables may influence the calculation (for example, typical source emissions volume, wind speed, precipitation, and so on). In our case, variable satellite coverage introduces another complication. Suppose, for example, that the scientifically "optimal" radius is 0.5 km, but variable satellite coverage makes single-cell observations common within this radius. The result will be high variance in computed car-count means, which will in turn degrade the estimation of PM 10 impacts. A larger radius would be better from a sampling perspective, since it would typically include more satellite-reported cells and more stable mean values. But, per the theoretical relationship, cells beyond the scientifically-optimal radius are more likely to introduce spurious elements into the calculation.
Here the optimization problem involves determining the intersection point of two curves:
(1-upward sloping) the incremental sampling value of additional OI tiles covered by satellites; (2-downward sloping, with negative values beyond some point) the incremental value of measurements as their distance from the PM 10 monitor increases.
For this exercise, we have imposed the assumption that the optimal point (the intersection of the two curves) is determined by the strongest statistical result. To test the balance, we have performed regression experiments for area radii from 1 to 5 km. We find that a radius of 1.85 kilometers yields the most robust result.
For model estimation, we introduce dummy variable controls for spatial and temporal factors. We assign a dummy variable to each monitoring station to control for technical measurement factors and other local unobserved emissions sources. We include five daily weather measures for the Cairo region: temperature, temperature lagged one day, barometric pressure, humidity, and wind speed. We also introduce a cloud cover correction for car counts. In a first-stage regression, we regress mean car density on mean cloud cover percent, along with dummy variables for the month, weekday, and hour of the observation. We also include dummy variables for PM 10 stations, since mean vehicle density is likely to differ significantly across monitor areas. The regression fit is extremely strong, with high significance for all variable categories and a regression R 2 (adjusted for degrees of freedom) of 0.72. With the first-stage result in hand, we reset mean cloud cover to 0 for all observations and predict the adjusted "cloud-free" value of car density. We use cloud-adjusted car density for our regression exercise. Table 2 reports our regression results. Ceteris paribus, PM 10 readings differ substantially across monitors. The dummy variables for the Shubra Al Khaimah and M New monitoring stations have been excluded from the estimation to prevent total collinearity (more than one station dummy has been excluded because station dummies are also used in the cloud cover adjustment regression for car counts). As Table 2 shows, there are significant differences across stations after controlling for the other factors in the model.
July is excluded from the monthly dummy, so all monthly coefficients should be interpreted as deviations from the July result. The results indicate a relatively smooth pattern of seasonal variation, with the peak in December and the trough in May.
In contrast, the results by day-of-week and hour-of-day show little fluctuation, indicating that monitor readings do not fluctuate significantly during a typical week after accounting for the effect of car traffic. The same is true for hours during the day, with the exception of 11 am. We should note again that dummy variables for some hours have been excluded to prevent total collinearity.
For this exercise, the most critical entry in Table 2 is the impact estimate for mean car counts in areas of 1.8 km radius around PM 10 monitoring stations. We find a highly-significant effect: The measured PM 10 concentration increases by 8.6 µg/m for every 100 cars added to a representative grid cell in the area surrounding the station monitor. 12 In our regression sample, cloud-adjusted car counts per cell vary from 19 to 714. Therefore, within the sample range, our coefficient estimate translates to potential induced changes in PM 10 concentration of about 59 µg/m 3 . 
THE IMPACT OF (ENVIRONMENTAL) POLICY ON CAR TRAFFIC, AIR POLLUTION, AND HEALTH
We provide suggestive estimates on the overall policy impact using counterfactual simulation with controls for temporal and technical factors. Since our GDP series terminates in September 2017, we standardize on that month and year. We do the simulations for a typical Wednesday at 11 am on a cloud-free day, for satellite platform WorldView02. We predict using real GDP in September 2017.
With all other model values fixed to the previously estimated values, we predict car counts for five cases: no intervening events (Metro 3 and the fuel price hikes never occurred; all dummy variables are 0), and each event included separately.
After obtaining predictions for 1,406 cells in the Cairo region, we sum the predictions. Table 2 reports our results, which suggest that the policies produced large reductions in the volume of traffic in central Cairo. With continued average income growth but no interventions, our results indicate that the midday car count for the region at 11 am on a clear Wednesday in September 2017 would have been 434,673 cars. Our results indicate a car reduction of 56,275 attributable to the two metro openings and a reduction of 61,662 attributable to the two fuel price increases. With all four policy interventions, the car count under the same conditions is 316,735 cars-a reduction of 117,938 cars, or 27.1%.
The welfare implications of our results can be assessed in several dimensions. The first is economic: A 27.1% reduction in traffic volume implies a more-than-proportionate reduction in time-per-trip, since Cairo traffic must fit into the same road network in either case. As crowding rises and car speed falls, average time per trip and fuel cost per trip also rise. Thus, the large reduction in car load suggested by Table 1 generates large, aggregate, valuedenominated welfare gains, via costs of fuel, maintenance, and depreciation, as well as the value of aggregate trip time saved.
Another critical factor in this context is environmental: Although more car-specific information would be valuable, it seems reasonable to assert that the greater-than-proportionate drop in congestion associated with a 12.9% decline in cars on account of the metro line, and 14.2% on account of the fuel price hike will also generate a reduction of vehicular pollutant emissions. Table 3 provides a perspective on the relative significance of this estimate for PM 10 pollution in Cairo. The first column of the table reports the mean PM 10 concentration for each station in the database for 2017. To produce the second column, we divide the mean PM 10 concentration into the PM 10 increment (59 µg/m 3 ) attributable to the maximum adjusted car count (714) in our sample. The resulting percentage is a measure of potential vehicular impact on air pollution in different areas of Cairo. The potential impact measure is very large in all cases, varying from 47.8% for the Nasser Institute station area to 73.9% for the Abbasiya station area (see Table 4 ).
Our results also provide a basis for estimating the impact of our four policy measures on PM 10 pollution in Cairo. Table 5 displays our approach to estimation. Column 1 reproduces the Table 1 estimates of car count impacts per policy for a representative grid cell. In column 2, we multiply the car count impacts by .084, the Our estimates imply an average 2017 PM 10 concentration of 98.5 µg/m 3 if none of the policies had been implemented. Implementing the public transit policies alone would have reduced the concentration to 95.1 µg/m 3 (a 3.4% decrease). If only fuel price incentives had been applied, PM 10 pollution would have fallen to 94.8 µg/m 3 (a 3.9% decrease). Overall, our results suggest that the implementation of all four policies reduced annual average PM 10 by 7.2 µg/m 3 (7.3%), to the actual 2017 mean of 91.5 µg/m 3 .
The Greater Cairo city-wide results reported in Tables 1 and 2 reflect a complex spatial pattern of adjustment. The basic economics of modal choice in urban transport provide some insights in this context. Over short periods, each household or business trip uses the mode that minimizes fully-accounted travel costs, given initial capital endowments, incomes, relevant prices, and residential and business locations. Travel cost components include fuel consumption, car depreciation, time in transit, comfort, and convenience. Holding all relevant variables constant, cost-minimizing travelers will explore iteratively until they reach an equilibrium distribution across existing transport modes. Travelers' short-term modal choices are interdependent, so a new equilibrium will not emerge instantaneously when an important background variable changes.
Over longer periods, exogeneity becomes endogeneity for capital endowments, incomes, residential and business locations, and at least some relevant prices. In the case of Cairo, which dominates the Egyptian economy, all relevant prices may actually be endogenous.
The urban system will co-evolve with its constituent households and businesses, which may respond to an initial perturbation by changing locations, transactional venues, and car ownership propensities. Given these complex temporal and spatial dynamics, no urban transport system ever attains static equilibrium. Background variables are always changing, and travelers are continually iterating interdependently across modal choices in response to cascading ripples of shortand long-run changes.
These complexities inevitably complicate any attempt to assess the benefits and costs of a policy intervention that affects one or more background variables. The first major problem is the demarcation of the bounding space for the analysis. Focusing on one area within a city may yield misleading or even perverse results, even if the intervention is welfare improving for the system as a whole. To cite one example, consider the potential whole-system response to extension of an existing subway system. This represents a major perturbation, with potential system-wide consequences for modal choice, traffic congestion, local incomes and prices, and the pattern of residential and business location. One major objective of the subway extension may be reduced motor car congestion, and this may well happen for the urban system as a whole. However, nothing guarantees this result for the area contiguous to the new subway line. In fact, the system's new equilibrium "solution" might even entail an increase in congestion in the entire system. In other words, the reduction of traffic in Cairo might come at the cost of increased traffic in the outskirts. It could very well be that the new metro stations incentivized more people living outside of Cairo to drive to a metro station, which would have led to an increase in traffic in the outskirts. In any case, the underlying message seems clear: Assessing the benefits and costs of a whole-system perturbation requires a systemscale analysis.
The second major problem also relates to the choice of bounding space, but this time at the urban margin. The outer boundary of a city is arbitrary, because the transaction space is continuous. Thus, one likely result of a major perturbation, such as a subway extension, will be the expansion of the area within which transactions density is sufficient to warrant its inclusion in the "city." For this reason, use of a city's current delineation as the bounding space for analysis may also result in miscalculation of overall benefits and costs.
A third complication relates to the temporal framework of the analysis. In the short and medium term, convergence toward a new post-intervention equilibrium may largely reflect the existing patterns of location, asset ownership, incomes and prices. Thus, a medium-term analysis (on the order of, say, six months to one year) might yield a pronounced impact on car congestion within a city. Over the longer term, given the induced changes in household and business location, asset ownership, income, and prices, the system may "absorb" some of the initially-observed congestion impact, effectively transforming it into more diffuse impacts across many variables that are relevant for a general accounting of welfare change.
Nothing in the previous paragraphs should be taken to imply that any transport-related intervention will ultimately be "self-neutralizing." In fact, our multiyear econometric results for Cairo (Tables 1 and 2) suggest the contrary.
Taken together, these propositions suggest that any intervention welfare analysis will be strongly influenced by its spatial and temporal bounds. The spatial bounds in this case are determined by the limitations of the car counts available from satellite imagery.
. 1 ILLUSTRATIVE EVENTS IN CAIRO
As illustrations, we consider two of the events featured in our analysis: the phase-one opening of Metro Line 3 and the fuel price increase of November 2016. In each case, we first generate the spatial distribution of cell-specific car counts for the longest period in which other study events do not intervene. For the fuel price increase of November 2016, the constraining factor is another price increase in June 2017. Accordingly, our prior and posterior observations are bounded by November 3 to the following June 28, for periods starting in 2015 and 2016, respectively. For the Metro 3 phase one opening, our intervals are the prior and posterior years (February 21, 2011 , to February 20, 2012 , and February 21, 2012 , to February 20, 2013 , respectively). For each prior period, we compute mean car counts by cell. For each posterior period, we make an adjustment from our regression results to incorporate the effect of changing real income. Starting from actual posterior means by cell, we reduce all observations in constant proportions so that the mean difference between prior and posterior counts is equal to the relevant regression coefficient in Table 1 . To reiterate, this adjustment is necessary because the "raw" posterior measures incorporate the confounding effects of interim income growth (and, possibly, other unobserved factors) .
The result provides a rough approximation to the change in the spatial distribution of car counts that is attributable to a policy measure, after correcting for the interim effects of income growth.
Phase 1 of Cairo's Metro Line 3 opened on February 21, 2012. Table 6 displays the overall distribution of car counts before and after this event (the strength and significance of the suggested attribution is tested in the econometric model), after the adjustments described above. The distribution of changes exhibits a clear skew toward declines, which occur in about 75% of the 1,406 grid cells tabulated. The mean decline is 24.8 cars which, as previously noted, we have designed to produce a near-match with the regression coefficient for Metro 3 phase 1 in Table 1 . Figure 8b displays the simulated pattern of changes after the phase one opening of Metro Line 3. Here the system-wide consequences of the opening are clearly apparent. While car counts decline in the area surrounding the new metro extension, they also decline throughout the region-and particularly in the areas of highest prior congestion (colored red in Figure 8a ).
FUEL PRICE INCREASE, 2016
On November 3, 2016, the Egyptian government implemented fuel price increases that varied from 30% to 50% across categories. In Table 7 , substantially more than half of the 1,404 grid cells tabulated exhibit declines in the aftermath of the fuel price shock. 13 Again, we have adjusted the posterior results to achieve parity with the associated regression result in Table 1 .
Figures 9a and 9b display the spatial patterns of ex-ante cell means and ex-post changes. Figure 9a closely resembles Figure 8a , showing the same axial "core congestion" region surrounded by areas with declining congestion gradients. However, Figure 9b is considerably different than Figure 8b . In Figure 9b , blue-colored areas with the greatest declines in car counts are much more pervasive and spread all along the core congestion axis. In counterpoint, Figure 9b also shows pervasive increases in car counts along the eastern and western peripheries of the region. These results have two implications that could be explored through more in-depth analysis. First, as indicated by the difference in regression coefficients in Table 1 , the overall decline in traffic attributable to the phase one opening of Metro Line 3 is larger and generally more widespread than the decline attributable to the fuel price increase. However, the spatial pattern of adjustment to the fuel price increase appears to be more complex, with greater spatial clustering of both increases and decreases in vehicle density. 13 As previously noted, for the purposes of this discussion we assign the impact of the simultaneous devaluation to our measure of real income. 
.2 VALUE OF HEALTH BENEFITS RESULTING FROM PM 10 REDUCTION
The monetary valuation of the effects of the policies due to the reduction in particulate matter is a question of high policy relevance. For this exercise, we employ a procedure that is similar to the analysis presented in Gendron-Carrier et al. (2018) . The underlying rationale is to quantify the benefits that result from lower air pollution, employing the relationship of air pollution and infant deaths and the concept, value of statistical life (VSL).
As Gendron-Carrier et al. (2018) Chay and Greenstone (2003) find that in the U.S., 9.5 infant deaths can be averted by reducing PM 10 particle counts by 1 µg/m 3 . We assume that this number will approximately hold in our geo-temporal setting as well. 14 The results of this exercise will depend on the functional form of the relationship of infant mortality and air pollution. However, estimates of the dose response relationship between PM 10 particles and infant mortality for high pollution environments like Cairo are rare. Samoli et al. (2005) estimate a linear relationship until PM 10 concentrations reach around 150 µg/m 3 . This also corresponds to the average PM 10 concentration in Greater Cairo (Safar and Labib, 2010) . For values larger than 150 µg/m 3 , Samoli et al. (2005) find a more than proportional effect of PM 10 concentration on mortality for Southern European countries. We assume that similar results will hold for child mortality in Egypt and assume a linear relationship to produce conservative results.
Using this rationale together with our estimates, it is straightforward to infer the monetary value of the health benefits that are due to the policies discussed in this article. The number of infant deaths averted can be calculated as Reduction in PM 10 * (10 * 10^(-5)) * Birthrate * Population
The reduction in PM 10 particles has been derived as 7.2 µg/m 3 . We assume that the birthrates of Egypt and Cairo are the same. The World Bank Development Indicator database suggests an average birthrate of 27.30 children per 1,000 individuals for the time frame from 2009 to 2016 (the most recent observation available). The average population of Cairo between 2010 and 2018 was 18.50 m according to the UN World Urbanization Prospects.
Using these values, we conclude that the policies implemented by the government of Egypt averted the death of 364 infants. Viscusi and Masterman (2017) present new estimates of the value of statistical life that are used in this analysis. Assuming that the effects due to the policies are of permanent nature, the country-adjusted VSL for Egypt ($575.000) suggests a monetary value of $209.1 m attached to the averted infant deaths. The independent contribution of only the metro openings (-3.4 µg/m 3 ) can be evaluated at a value of $98.7 m using the same methodology. Relating this number to the cost of the Metro Line 3 infrastructure opened so far, 15 the infant mortality effects alone account for 7.69% of the construction costs.
Please note that this benefit analysis neither includes reductions in labor productivity nor morbidity due to, for instance, respiratory diseases. We also do not look into other particle pollutants like NO X or PM 2.5 . Hence, it is obvious that the estimated value of the health benefits of the implemented policies has to be seen as low comparative to the range of possible values.
CHAPTER SEVEN
SUMMARY AND CONCLUSIONS
This report used high-resolution data on car counts from satellite imagery to investigate the relationships linking Cairo traffic, PM 10 air pollution, and a series of policy measures that have affected Cairo traffic and environmental quality in recent years. We have focused on four policy interventions: the phase-one opening of Cairo Metro Line 3 in February 2012; the phase-two opening of Line 3 in July 2014; a fuel price increase in November 2016, coupled with a simultaneous devaluation; and a fuel price increase in June 2017.
Our first econometric exercise uses fixed-effects panel estimation to assess the effects on Cairo traffic of changes in real income, and the four policy interventions. We measure Cairo traffic using time series of car counts for 1,406 grid cells with sides of 0.006 degrees (approximately 660 meters).
We find high significance and substantial coefficient size estimates for all of the temporal, technical, economic, and policy variables in the model. Vehicle counts vary systematically by month, day-of-week, and hour; across satellite observation platforms; and with cloud cover. Real GDP has the expected positive, sizable effect on car counts. Finally, we find significant negative impacts for all four policy interventions.
A second econometric exercise indicates significant, persistent measurement differences across PM 10 monitoring stations and significant variations by month. We find little variation by day-of-week and hour-of-day after controlling for the other variables. Our result for car counts is both highly significant and meaningfully large: an increase of 8.6 µg/m 3 for each increase of 100 in cars counted in a grid cell. Since the car counts in our sample vary from 0 to 714, the implied potential variation from car counts alone is 59 µg/m 3 . We compare this magnitude with mean 2017 PM 10 measures for six stations with available data and find that within-sample variations in car counts are sufficient to produce very large percentage changes in typical station measures.
Finally, we combine our econometric results for car counts and PM 10 concentrations to estimate the impacts of our four policy interventions on air quality in Cairo. The estimated impacts are proportional to the estimated reductions in car counts estimated for the policy interventions by our panel estimation exercise. When the intervention impacts are combined, they produce a Cairo PM 10 concentration that is about 7.3% lower than the counterfactual concentration. The order of magnitude of this result is in line with the results of other national and global studies cited in our discussion of previous research. We demonstrate that national macroeconomic policy, targeted price incentives, and public transit investments have all been very important determinants of Cairo's air quality.
TECHNICAL APPENDIX
A1 . VEHICLE COUNTS
The authors partnered with a remote sensing company (Orbital Insight), which applied a trained Machine Learning (ML) algorithm to satellite imagery of Cairo, counting every car in the metropolis's streets for each day (satellite imagery was available for Cairo for roughly 3 to 4 days per given week) from January 2010 to April 2018. For a sample schematic of how cars were counted in downtown Cairo using the ML algorithm, refer to Figure A1 .
The data product has been provided by Orbital Insight in a gridded format; the grid over Cairo is depicted in Figure A1 .
A2 . SATELLITES
Cars were counted based on satellite imagery obtained from five different satellites. Table A1 indicates the number of images processed per satellite. Each count is from a different year. 
ACCURACY ASSESSMENT OF CAR COUNTS
Because we contracted a remote sensing company to create the results from scratch, we developed an accuracy assessment for the trained Machine Learning algorithm. We compare the cars identified by the ML algorithm and cars we identify from visual inspection. In the accuracy assessment we focus on the ratio of false negatives (that is, cars that are recognized as such by the human eye according to visual inspection but are not counted by the ML algorithm) relative to cars that are both recognized as such by the human eye and the artificial intelligence eye.
The car counting results have high quality for all the WorldView sensors, as a comparison between manual car counts and Machine Learning algorithm car counts shows in Table A2 , despite the occasional false positives (as for example with WorldView01 satellite) or the occasional false negative (as for example displayed by WorldView02 and WorldView03 satellites). However, the Quickbird imagery appears to have a much lower degree of accuracy. These varying degrees of accuracy across satellites indicate the importance of controlling for satellites in our regression specifications. Given the apparent inaccuracy of the Quickbird 2 in this context, we have decided to drop that imagery for this exercise. 
